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Mercury  determination  using  laser  excited  atomic  fluorescence  with  eiectrothermal 
atomization  (LEAFS-ETA)  has  been  obtained.  The  scheme  used  is  a two-step  excilalion, 
with  X|=  253.1  nra  and  h,=  435.8  nm.  Direct  fluorescence  is  observed  at  546.1  nm. 
The  practical  limit  of  detection  (LOD)  obtained  was  9 picograms,  1 pnrts-per-billion 
(ppif)  with  a 10  rtL  injection.  The  linear  dynamic  range  (LDR)  is  three  orders  of 
magnitude  (from  1 ppb  to  1 ppm)  and  is  limited  by  the  nonlinearity  of  the  amplified 
spontaneous  emission  (ASE)  process  occurring  at  higher  concentrations.  In  order  to 
extend  the  LDR.  indirect  fluorescence  is  measured  using  the  less  sensitive  emission  line 
at  407.8  nm.  This  scheme  has  a higher  LOD  and  an  LDR  of  at  least  three  orders  of 


the  technique.  LEAFS-ETA  is 


For  ihe  first  time  ASE  was  observed  for  mercury  vapor  cell  using  pulsed 
eaciotion.  The  ASE  at  546.1  nm  is  ertsserved  for  concenliations  higher  than  one  ppm 
in  the  furnace  and  number  densiiies  > 10'*  cm*’  in  mercury  vapor  cells  using  nitrogen 
and  argon  as  buffer  gases.  The  saturation  curves  for  Ihe  ASE  were  measured  for  both 
wavelengths  of  excitation,  showing  both  wavelengths,  a square  dependence  on  the  energy 
of  the  respective  laser.  The  dependence  of  the  ASE  on  the  number  density  is  exponential 
for  lower  number  densities,  with  an  abrupt  threshold  followed  by  a plateau  due  to 


CHAPTER  1 
INTRODUCTION 


General  Remarks 

Atomic  fluorescence  was  studied  by  physicists  in  the  late  nineteenth  and  early 
twentieth  century,  who  observed  fluorescence  in  fltmies  and  cells  for  several  elements. 
Atomic  fluorescence  was  used  by  Alkemade  and  Milaiz  (I)  to  study  physical  and 
chemical  processes  In  names.  In  1962,  they  suggested  that  atomic  Huorescence  could 
be  used  for  analytical  purposes.  This  suggestion  was  followed  by  Wlnefordner  and 
Vickers  (2),  who  in  1964  proposed  and  showed  the  use  of  atomic  nuocescence  in  flames 
as  a new  analytical  method.  Extensive  studies  and  refinement  were  carried  out  by 
Winefordner's  and  West's  groups  after  1964. 

Due  to  the  nature  of  atomic  fluorescence  and  the  experimental  setups,  the  power 
detected  is  usually  a to  Id*  fraction  of  the  excitation  radiant  power.  Thus,  most  of 
the  initial  research  in  atomic  fluorescence  was  in  the  development  of  intense  sources  (3). 
The  introduction  of  lasers  as  sources  has  been  a m^or  improvement  in  the  source 
intensity  problem,  leaving  room  for  development  of  new  applications  for  atomic 
fluorescence.  The  following  is  a discussion  of  some  Imponanl  aspects  of  atomic 
fluorescence,  the  use  of  lasers  as  excilalion  sources  and  the  application  of  iaser.excited 
atomic  fluorescence  spectromeuy  (LEAFS)  to  the  determination  of  mercury. 


fluorescence,  nonresonance  fluorescence,  and  multiphoion  fluorescence.  In  resonance 
fluorescence.  Die  lower  and  upper  levels  involved  in  the  eicitation  and  emission 

nonresonance  fluorescence,  ihe  lower  and  upper  levels  involved  in  ihe  exciudon  ond 
emission  processes  art  diflereni,  so  that  the  wavelength  of  exciiatlon  is  different  from 
the  emission  wavelength.  When  Ihe  same  upper  level  is  involved  in  the  excitation  and 
emission,  it  is  known  as  direct-line  fluorescence.  If  dilTereni  upper  levels  are  involved 
in  Ihe  excitation-emission  process,  it  is  known  as  stepwise  fluorescence.  In  multiphoton 
fluorescence,  two  or  more  photons  of  the  same  or  different  wavelength  excite  the  atom 
which  then  emits  a photon  of  different  wavelength.  These  types  of  fluorescence 
transibons  are  shown  in  Figure  I-l. 


The  ideal  excitabon  source  for  atomic  fluorescence  would  be  stable,  intense,  and 
tunable  for  all  elements.  It  is  difficult  to  And  a source  with  alt  these  cluuaclerisbcs. 
Some  conventional  sources  that  have  been  used  for  atomic  fluorescence  are  hollow 
calhode  lamps,  electrodeless  discharge  lamps,  and  metal  vapor  discharge  lamps. 
Although  conventional  sources  are  more  frequently  used,  lasers  are  better  sources 
because  Ihey  can  provide  irtadiances  several  orders  of  magnitude  higher  than 
convendonal  sources.  The  laser  system  should  be  able  lo  generate  wavelengths  lo  probe 
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only  laser  syslems  lhal  approach  ihe  ideal  source  are  the  dye  lasers  pumped  by  nilto|en, 
eacimer  or  Nd:YAG  lasers  (4).  Because  dye  lasers  can  only  lase  at  wavelengths  longer 
than  that  of  the  pump  laser,  the  lower  the  pump  laser  wavelength  the  more  efRcient  it 
will  be.  A comparison  of  di^erem  pump  lasers  used  for  atomic  fluorescence  is  shown 
in  Table  1-1.  Dye  lasers  are  based  upon  absorption  of  radiation  Irom  the  pump  laser; 
dye  lasers  lase  over  a band  of  wavelengths  chatacierisdc  of  each  dye.  These  lasers  are 

wavelengths  from  320  to  900  nm. 

To  obtain  more  useful  wavelengths  ftotn  190  to  320  nm,  fiecluency  ccuiversion 
techniques  are  needed,  including  frequency  doubling  and  sum  frequency  generaUon.  In 
frequency  doubling,  two  inddent  laser  photons  of  frequency  n-,  are  absorbed  by  a non- 
centrosymmetric  crystal  in  the  ground  state;  when  the  exdted  crystal  returns  to  the 
ground  stale,  a single  photon  of  frequency  »;  (r.=  2»J  is  emitted.  The  fundamental 
principle  governing  these  phenomena  is  called  second  harmonic  generation  (5-6).  For 
sum  frequency  generation,  two  laser  beams  having  different  frequencies  »,  and  v,  are 
combined  in  a noncenlrosymmetric  crystal  to  generate  an  emission  beam  with  a frequency 
vg,  equal  lo  the  sum  of  die  frequencies  of  the  two  incident  beams  (7).  Such  conversion 
techniques  give  versatility  to  laser  systems,  allowing  diem  to  cover  a wavelength  range 
from  190-900  nm  and  making  possible  the  probing  of  atoms  almost  anywhere  in  the 
visible  and  ultraviolet  spectrum  as  required. 
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laxr  excited  atomic  fluorescence  spectrometry  (LEAFS)  with  electrothermal 
atomization  (ETA)  has  been  shown  to  achieve  limits  of  detection  in  the  feratogtam  and 
subfemiogram  range  for  several  elements  (4,  8-13).  The  theory  of  LEAFS  has  been 
widely  studied  and  reviewed  (14-25).  Characteristics  of  LEAFS  have  been  reviewed  by 
Butcher  et  al.  (4).  Also,  they  discuss  the  factors  affecting  the  calibraiioii  curves,  such 
as  self-absorption  and  prefilter  and  postfilter  effects.  Some  of  these  characteristics  and 

LEAFS  Noise  Sources 


Concomitant  scatter  is  the  noise  generated  when  the  laser  is  scattered  off  particles 
introduced  by  the  sample.  This  type  of  noise  is  most  significant  when  involadle  and 
undissocialed  matrices  are  analyzed.  This  type  of  noise  can  be  minimized  by  using  a 
narrow  bandwidth  laser  with  line  width  equal  to  or  less  than  that  of  the  absorpbon  line 
width.  In  that  case,  there  will  be  very  little  unabsorbable  light  and  hence  less  light  will 

Stray  l.ivhl 

Stray  light  is  scattered  light  that  does  not  originate  from  the  sample  itself.  This 
type  of  noise  occuis  when  the  laser  is  scattered  off  particles  in  the  atom  cell  (e.g„  water 
in  a flame),  off  the  wall  of  an  aiom  cell  (e.g.,  furnaces)  or  off  parts  of  Ihe  insliumenl 


I 6y  using 


liule  unabsoi4>abIe  laser  light. 


Aiom  Cell  Emission 

This  type  of  noise  generally  increases  with  detection  wavelength  and  wiUi 
temperature  of  the  atom  reservoir.  For  aflame,  increasing  the  lemperanire  will  increase 
the  background  emission  that  is  produced.  In  the  case  of  a furnace,  increasing  the 
temperature  will  increase  the  blackbody  emission.  For  the  flame,  it  is  not  possbie  to 
separate  the  emission  spatially  from  the  fluorescence,  but  for  the  furnace,  masking  the 
cell  walls  of  the  tube  is  a possible  way  of  ntinimiamg  background  emission. 


Molecular  fluorescence  is  generated  by  t^ccies  present  In  the  atom  reservoir  or 
in  the  sample.  In  furnaces,  molecular  fluorescence  can  only  originaic  from  the  sample 
because  the  atomization  process  occurs  in  an  inert  atmosphere.  This  lype  of  noise  can 

formation  in  this  region. 


Non*anaJyte  atomic  fluorescence  is  fluorescence  due  lo  overlapping  of  atom  lines. 
This  type  of  overlap  increases  wiih  increasing  laser  line  width,  so  it  can  be  minimized 
by  using  a laser  with  a line  width  equal  lo  or  less  than  the  atomic  line  width. 


The  loiaJ  fluorescence  flu>,  CM),  produccti  in  a volume  V b>  absorption  path 
lengih  I is  given  by; 

*r  = (*U.Yo  (1-1) 

where  (4>Jo  is  Ibe  spectral  radiant  power  (W  m ')  at  the  line  center,  cr  is  the  fraction 
absorbed,  and  V is  the  fluorescence  power  yield  (dimensionless).  The  fluorescence 
power  yield  is  given  by; 

(1-2) 

where  A,  Is  the  Einstein  coefficient  of  spontaneous  emission  ($■'),  and  k,  is  the  collisioital 
deactivation  rate  {r‘>.  Substituting  a in  equation  1-1  for  an  optically  thin  conditions 

8.82  X lO-'^ii  (*^  (>-3) 

where  the  ctMistant  has  units  of  ra,  X,  is  Ibe  wavelength  of  the  transition  (m),  n,  is  the 
number  density  (m  ‘),/,  is  the  oscillator  strength  (dimensionless),  and  1 is  theabsorpdon 
path  length  (m). 


absorption  (s'*  m’  nm  T*),  equals  the  rate  of  stimulated  emission  (s  ' m’  nm  T'),  B,. 


a plot  of  fluorescence  inlensily  ' 


10 

versus  source  eneiBy,  is  presented  in 
Figure  1-2.  This  plot  can  be  divided  in  two  main  regions.  The  first  region  is  the  linear 
r^ion,  where  the  plot  has  a siope  of  one,  which  is  the  case  for  fluorescence  excited  by 
conventional  sources.  The  second  region  is  the  constant  region,  where  the  plot  has  slope 
of  zero  and  the  transition  is  considered  to  be  saturated.  Lasers  have  sufficient  intensity 
to  achieve  saturation  of  many  transitions. 

The  fluorescence  flux  (W)  is  given  by; 

= It  V A,  n,  V (M) 

where  k is  the  Planck's  constant  (J  s),  n is  the  frequency  (r'),  A|  is  the  Einslein 
coefficient  of  ^nianeous  emission  (s''),  V is  the  volume  of  collected  fluorescence  (ni’), 
and  n,  is  the  number  denary  of  the  excited  slate  (m'’).  Under  steady-state  conditions,  the 
rale  of  absorption  and  the  total  rale  of  deactivation  are  balanced  so  that: 


II-.) 

where  1^  is  the  coliisionaJ  deactivation  rale  (r'),  c is  the  speed  of  light  (m  s''),  n,  is  the 
number  density  of  the  ground  stale  (nr*),  and  (EJj  is  the  spectral  itradiancefW  m’  nm '), 
The  spectral  irradiance  is  given  by: 


‘ ° 3tasex 

re  Q is  the  energy  (J),  t is  the  lime  (s),  S is  the  i 


Using  the  definition  of  the  spectral  energy  density  (Uj)„  (J  i 


(1-6) 

X is  the  wavelength 
n ’ nm)  is  given  by; 
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Log  of  Source  Energy 


<l-7) 


Si^sdiudng  equation  1-7  inlo  equation  1-3  we  have: 

(OX),  i>,  - ft  + A,  -t-  B,  (UJ,  (1-8) 

B,  and  B,  are  related  by  the  following  equation: 


(1-9)  into  equation  (1-8),  dividing  by  (UJo,  substituting  equation  (1-7),  and 
rearranging  gives: 


(1-10) 


(El*)!  is  the  salutation  spectral  imdiance  (W  m’  nm  '),  which  is  the  spectral 
irradiance,  (E0„  for  which  the  fluorescence  signal  is  50%  of  its  maximum  value,  and 
it  is  given  by: 


(1-11) 


(1-12) 


jinuig  it  with  equations  (1-4),  (1-10)  and  (1-11)  we  obtain: 


(M3) 


-S]-‘ 

' */g,  (£.), 


For  low  inicnjUy  sources  such  as  convemional  sources,  (EOo  < < Uius 
equataon  I-I3  becomes, 

(1-14) 

In  Ibis  case,  as  shown  in  Die  saluralion  plot,  the  manlmum  nuocescence  signal  is 
not  obtained.  The  mechanism  of  level  population  will  be  controlled  by  the  quenching 
rate,  and  the  fluorescence  signal  will  be  proportional  to  the  laser  eneigy  and  quantum 
efOdency.  This  is  detrimental  to  any  analytical  measurement,  because  any  fluctuation 
in  the  source  intensity  will  introduce  noise  to  the  measurement. 

For  high  intensity  sources  such  as  lasers,  (EJo  > > (£»■)„  thus  equation  1-13 

♦,=hv/4„)'-B„-£!-  (1-15) 

In  this  case,  the  maximum  fluorescence  signal  is  obtained;  and  the  signal  is 
independent  of  the  quantum  efficiency  and  laser  intensity  fluctuations.  The  mechanism 
of  level  population  will  be  dominated  by  the  coefficients  of  stimulated  absorption  and 
stimulated  emission  of  the  transition.  Saturation  conditions  are  desirable  for  analytical 
determinations  because  the  fluorescence  signal  is  the  maximum  and  independent  oflaser 


intensity.  Care  should  be  taken,  though,  because  the  i 
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light  is  proportional  to  the  laser  intensity  over  the  whole  energy  range.  The  minimum 
laser  intensity  lo  saturate  should  be  used  so  as  to  minimize  the  scattered  signal. 


Several  electrothermal  atomizers,  such  as  rods,  cups,  boats  and  tubes,  have  been 
used  for  LEAFS-ETA.  Dittrich  and  Stirk  (26)  showed  that  the  tube  atomizer  had  better 
sensitivity  and  delection  power  due  to  a higher  heating  rate,  a higher  atomization 
efficiency,  a longer  atom  residence  time  and  a more  homogenous  temperature. 

Several  arrangements  for  collection  of  Huorescence  radiation  have  also  been  used. 
Wei  et  al.  (25)  compared  front-surface  Illumination  (Figure  1-3)  with  the  transverse 
arrangement  (Figure  1-4]  and  concluded  that  the  front-surface  arrangement  gave  better 
limiu  of  detection  (LOD)  because  it  had  better  illumination  and  collection  efficiency. 
Also,  front-surface  illumination  has  allowed  the  use  of  a commercially  available  atomizer 

nondispersive  systems.  A detailed  comparison  of  the  collecbon  arrangements  and 
delection  approaches  has  been  made  by  Wei  et  al.  (25). 

LEAFS-ETA  combines  the  sensitivity  and  selectivity  of  laser  atomic  fluorescence 
with  the  performance  of  the  commercially  available  electrothermal  atomizer  with 
ezcelleni  limits  of  detection  and  linear  dynamic  ranges.  The  major  drawbacks  are  that 
there  is  no  complete  commercial  instrument  for  LEAFS-ETA  available,  the  laser  system 
is  expensive  and  complex,  and  the  actual  laser  systems  are  unreliable. 
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Imponanct  of  Mercury  Deieraiination 


Theimponanceof  mercuiy  deienninatioii  al  ppb  and  sub-ppb  levels  has  increased 
in  recem  years  due  to  environmenial  impllcallons.  \ typical  example  is  Ihe 
documentation  of  mercury  contamination  in  many  lakes  in  Canada.  Sweden.  Finland  and 
the  United  Slates  (27),  Some  of  these  lakes  contain  fish  with  mercury  levels  that  are  a 
health  risk  to  humans  who  consume  them  (28-29).  Among  some  of  the  toxic  effects  of 
mercury  are  abdominal  pain,  kidney  damage,  severe  nausea  and  vomiting,  and  death 
within  ten  days  for  a case  of  acute  intoxication  (30).  For  cases  of  chronic  intoxication, 
spasms  of  the  extremities  and  personality  changes  are  among  Ihe  toxic  effects  (30).  A 
more  complete  list  of  the  toxic  effects  of  mercuiy  is  shown  in  Table  1-2.  The 
Environmental  Protection  Agency  (EPA)  uses  the  guidelines  set  by  several  legislative  acts 
that  regulate,  among  others,  mercury  concentration  in  differenl  matrices  (31).  For  water, 
there  is  the  Safe  Drinking  Water  Act  (SDWA),  the  Federal  Water  Pollution  Control  Act 
(FWPCA),  and  the  Safe  Drinking  Water  Amendments.  The  mercury  maximum 
comarninani  level  for  drinking  water  is  2 ppb.  For  solid  and  haaardous  waste  there  is 
the  Resource  Conservation  and  Recovery  Act  (RCRA).  The  mercury  maximum 
coniammant  level  for  solid  and  toxic  waste  is  200  ppb.  The  Comprehensive 
Environmental  Response,  Compensadon  and  Liability  Act  (CERCLA)  sets  other  limits 
for  contaminants.  For  example,  the  required  limit  of  detection  (LOD)  for  a laboratory 
that  is  performing  EPA  contracted  determination  o 
regulations  are  summarized  in  Table  1-3. 


af  mercury  is  0-2  ppb.  The 


Table  1-2.  Mercury  toxic  effects. 


Table  1-3.  Summaiy  of  EPA  reguloiions  for  i 


TypeofReEulaUon 

MCL'  for  drinking  waler 

MCL'  for  iolid  waste 

MCL'  for  hazardous  wasle 
CRDL~  for  contracted  laboratories 


Concentration  (ppb) 

2.0  ppb 
200  ppb 
200  ppb 
0.20  ppb 


■ MCL  = Maximum  conSaminanl  level 
“ CRDL  - Contract  required  detection  limit 


Melhodi  for  llie  Deienninalion  of  Mereufv 


Mercury  has  been  deiermined  by  atomic  absorption-cold  vapor  <32),  resonance 
ionization  (33),  Ouotescence-cold  vapor  (34),  atomic  absorpUon  uriih  platinum-coated 
graphite  tube  (35),  atomic  absorption-clcctrolhermaJ  atomization  (36),  and  inductiveiy 
coupled  plasma-mass  speciromelry  (37).  Also,  there  is  a review  paper  on  several  other 
atomic  fluorescence  methods  (38).  Some  of  these  techniques  have  achieved  limits  of 
deiecQon  in  the  ppi  range,  with  the  drawback  of  a preconcentration  step  that  results  in 
a high  absolute  limit  of  detecbon.  Some  of  them  require  larger  sample  volumes  and  long 
integration  limes.  A summary  of  these  techniques  is  presented  in  Table  1-4. 

In  the  case  of  the  two-step  excitation  LEAFS-CTA  determination  of  mercury,  the 

of  detection  that  can  probably  get  as  low  as  femtogram  (ppl)  range. 

Mercury  Soeciroscopv 

In  Table  1-5.  the  oscillalor  strengths,  Einstein  coefficients  of  spontaneous 
emission,  AS.  AL,  and  AJ  are  listed  for  the  some  mercury  transitions.  This  table  shows 
that  the  AS  for  the  first  transition  is  equal  to  one,  making  that  transition  forbidden. 

Because  of  this  spectra]  characteristic  of  mercury,  using  a resonance  fluorescence 
scheme  involving  the  transibon  between  the  ground  state  6'S»  level  and  the  6*?,  level  is 

excitation  scheme  is  the  one  alternative  to  a resonance  excitation-fluorescence 


Table  1-4.  DifTefem  techniques  for  the  c 


FL  = Fluorescence 

ETA  - Electjolhennal  atomizniion 

Pl-ETA  = Plaiinum  coaled  graphile  tube 

ICP-MS  = Inductively  coupled  plasma  mass  spectromelry 

" ND  = Not  delermined 

D = Direct 
P = Pre-concentration 
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CHAPTER  2 


COOPERATIVE  PROCESSES  AND  AMPLIFIED  SPONTANEOUS  EMISSION 


From  Ihe  theory  of  bseie  (40),  II  is  known  that  a collection  of  two-level  atomic 
systems  will  emit  electnama^netic  radiation  coherently,  if  the  atoms  are  prepared  in  a 
way  such  that  the  individual  atomic  dipoles  are  oscillatini  at  least  partially  in  phase  with 
each  other.  The  radiation  will  have  directional  or  spatially  coherent  properties 

The  cooperative  processes  can  be  divided  in  two  major  categories,  the  stimulated 
emission  and  the  spontaneous  emission.  In  the  stimulated  emission  case,  the  cooperative 
process  will  result  in  a laser  process.  The  spontaneous  emission  category  can  be  divided 
into  three  different  phenomena,  normal  Dicke  superradiance,  incoherently  prepared  Oicke 
supetradiance,  and  superfluorescence. 

The  parameter  C is  known  as  Ihe  parameter  that  describes  the  cooperative 
behavior  versus  the  one-mom  behavior.  It  is  given  by: 


(2-1) 
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fasingleatom(s'). 


: the  coopeialive  decay 


For  cases  where  C < < 1 , then  the  atoms  emit  independently  from  the  other  atoms.  If 
C > > 1,  then  the  system  will  evolve  in  cooperative  behavior.  Before  the  invention  of 
the  laser,  and  since  the  introduction  of  ihe  conc^t  of  cooperation  in  spontaneous 
emission  by  Diclie  (41)  in  19S4.  coopeialive  processes  have  been  an  area  of  aclivc 
research  and  controversy.  ConfusiDn  has  grown  in  the  liieiaiure  between  Ihe  different 
cooperative  processes.  The  terms  superradiance  (SR),  superfluoresccnce  (SF),  amplified 
spontaneous  emission  (ASE),  coherence  brightening  and  mirrorless  lasers  have  somebmes 
been  use  interchangeably  and  inconsistently  in  Ihe  literature.  Some  authors  and  books 
(40,42)  have  pointed  oul  that  this  confusion  is  of  semantic  origin,  and  that  the  different 
types  of  cooperative  effects  can  be  all  classified  by  their  initial  requirements,  the  nature 
of  the  cooperation  and  Ihe  characteristics  of  Ihe  emission.  This  chapter  will  discuss  the 
different  types  of  cooperative  processes,  as  well  as  some  introduction  of  amplified 
spontaneous  emission  processes  for  mercury. 


Coherence  brighiening  is  Ihe  combination  of  spatial  coherence  with  some  spectral 
narrowing.  This  term  does  not  have  a very  precise  definition  and  has  been  observed  in 
the  literature  for  all  of  the  cooperative  processes. 

The  term  miirorless  laser  applies  more  to  Ihe  process  of  amplified  spontaneous 
emission  and  should  be  reserved  for  this  very  process  only,  and  not  to  the  more 
specialized  phenomena  such  as  superradiance  and  superfluocescence. 


upeiradiance 


In  the  usual  treatment  of  spontaneous  radiation,  the  radiation  process  of  a 
molecule,  is  independent  of  other  molecules.  This  assumption  is  made  because  the 
distance  between  the  molecules  is  large  and  the  interactions  are  weah;  thus  the  probability 
of  a molecule  emitting  a photon  should  be  independent  of  photons  emitted  by  other 
molecules.  Dicke  (38)  stated  that  this  model,  though,  cannot  describe  the  dependence 
on  the  square  of  the  concentration  for  a coherent  spontaneous  radiation  system. 

In  his  theory,  the  atomic  medium  as  a whole,  was  treated  as  a single  quantum 
mechanical  system.  The  approach  to  the  problem  was  to  find  the  energy  states 

radiation  will  accompany  transitions  between  those  levels.  Dicke  irealed  the  problem  in 
a quantum  mechanical,  semiclassical,  and  classical  way.  Also,  he  discussed  the  two 
principal  methods  of  exciting  coherent  slates,  by  absorption  of  photons  from  an  intense 
radiation  pulse  or  the  emission  of  photons  by  the  atoms.  He  calculated  the  effects  of  the 
two  on  the  atomic  system  initially  in  equilibrium. 

Dicke  analyzed  the  situation  where  a large  number  of  atoms  contained  in  a small 
volume  V.  may  all  be  oscillating  with  a high  degree  of  coherence  between  the  individual 
dipole  oscillations,  as  shown  in  Figure  2-1.  The  macroscopic  dipole  moment  within  the 
volume  will  have  the  magnitude  Nn,.  where  ji,  is  the  oscillating  dipole  moment  of  a 
single  atom,  and  N is  the  number  of  coherently  oscillating  atomic  dipoles.  The  rale  of 
coherent  radiative  power  emission  from  this  coherently  prepared  volume  of  atoms,  will 
be  proportional  to  the  macroscopic  dipole  squared  (Ng,)’,  that  is  different  to  the  common 


Individual  dipole  oscillation  p , 
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and  incoherenl  form  ot  spomaneou!  emission,  where  the  emission  rale  is  proponional  to 
the  number  of  atoms,  N.  Also,  the  coherent  emission  of  this  small,  coherently  excited 
volume  will  emerge  as  a short  pulse  of  radiation  with  a duration  proportional  to  the 
inverse  of  the  number  of  atoms  (N’')  rather  than  as  an  exponential  decay  with  a lifetime, 
r,  independent  of  the  number  of  atoms. 

The  atoms  are  locked  together  by  the  initial  preparation,  all  in  phase  with  each 
other,  and  by  the  strong  coupling  of  all  the  atoms  to  each  other  through  their  common 
radiation  field.  This  process,  small-volume,  coherently  prepared  emission,  with  strong 
initial  coherence,  is  known  as  Dicke  superradiance.  Dicke  superradiance  can  be 
observed  in  specially  prepared  low-frepuency  magnetic  resonance  systems,  but  not  in 
optical  frequencies. 

Incoherently  Prepared  Dicke  Superradiance 

In  this  case,  consider  a two-level  system,  with  N number  of  atoms,  incoherently 
excited,  completely  inverted,  N,  = 0 and  N,  = N , so  that  all  the  atoms  are  in  their 
upper  energy  level  to  start  with.  In  this  case,  there  is  no  macroscopic  polarizaUon, 
because  the  quantum  expectation  value  for  the  dipole  oscillation  of  each  individual  atom 
is  zero  if  the  atom  is  entirely  in  level  I or  2.  Each  atom  in  its  upper-level  will  begin  to 
radiate  spontaneously  and  Incoherently  Figure  2-2a,  with  a rate  of  A,„  where  A),  is  the 
Einstein  coefficient  of  spontaneous  emission.  Such  a system  will  emit  normal 
fluorescence  proportional  to  N. 
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If  N atoms  are  confined  in  a volume  V such  that  V is  smaller  or  equal  to  the 
emission  wavelength  cubed  (V  & X’),  then  coupling  between  the  fields  will  occur, 
because  of  their  overlapping  radiation  fields.  The  atoms,  in  this  case  will  no  longer 
radiate  independently  and  Incoherently,  because  the  initial  sponlaneous  emission  for  each 
atom  will  tend  to  'capture'  oscillations  in  all  the  other  atoms.  The  weak  field  induces 
a small  polarization,  as  shown  in  Figure  2-2b,  which  increases  the  field,  which  in  turn 
Increases  the  polarization,  and  so  on.  After  a delay  time,  a large  and  almost  total 
polarization  will  result,  and  an  emission  pulse,  similar  to  the  superradianl  pulse,  will 
emerge  from  the  system,  as  shown  In  Figure  2-2c.  The  system  will  have  a rale  of 
radiative  power  emission  proportional  to  the  square  of  the  macroscopic  dipole.  (Np,)', 
with  a pulse  width  and  delay  time,  proportional  to  the  inverse  of  the  number  of  atoms 
(N'*).  There  will  be  small  random  fluctuations  In  the  delay  lime  between  initial 
preparation  of  the  atoms  and  emergence  of  the  superradianl  pulse,  because  the  coherent 
emission  builds  up  initially  from  normal  spontaneous  emission. 

A summary  of  the  condillons  and  characteristics  for  DIcke  superradiance  and 
incoherently  prepared  superradiance  are  presented  in  Table  2-1  and  Table  2-2, 
respectively. 

Optical  Extensions  of  Dieke  Sunerradiance 

The  condition  of  a small  volume  V,  such  that  V is  smaller  that  the  emission 
wavelength  cubed  (V  £ has  practically  no  meaning  and  has  not  been  demonstrated 


optical  wavelengths.  The 
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Table  2-1.  Summary  of  initial  conditions  and  characteristics  of  Dicke  supenadiance. 


Macroscopic  Intensity  Pulse  Pulse  Volume 

Polarization  Dependence  Duration  Delay  of 


N = Number  of  atoms 

/ti  - Dipole  moment  of  a single  at 
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= Number  of  aioms 
r,  ~ Dipole  moment  of  a single  at 


uitsble  I 


number  of  aComs  can  be  assembled  within  the  small 

volume  (V  s reqoited- 

A more  general  situation  is  the  case  where  a large  number  of  atoms,  with  strong 
inversion  population,  with  no  initial  coherent  polarization,  are  prepared  in  an  extended 
region  of  space  having  a Fresnel  number  on  the  order  of  one.  The  Fresnel  number  is 
given  by; 

(2-2) 

where  r is  the  radius  of  the  cross  section  of  this  region  (m),  and  L is  the  length  (m). 
This  space  region  is  often  in  the  form  of  a long  cylindrical  region  or  a pencil  like  region. 
This  larger  inverted  region  can  emit  cither  amplified  spontaneous  emission  or  a kind  of 
Dicke  supenadiance  known  as  superfluorescence,  as  shown  in  Figure  2-3,  depending  on 


Several  theories  and  experiments  have  been  developed  for  the  deseripiion  of 
superfluorescence  (40,  43-45).  Superfluorescence  will  occur  in  a system  under 
specialized  conditions  in  which  the  atomic  transition  is  strong  and  narrow  enough,  and 
the  inversion  density  large  enough  so  that  the  radiative  coupling  between  atoms  becomes 
very  strong.  This  is  similar  to  supenadiance  conditions,  but  in  this  case  the  atoms  are 
spread  over  a larger  volume.  The  key  condition  seems  to  be  lhat  the  gain  coefficient, 
a,  must  be  large  and  the  sample  length  small  compared  to  the  distance  Uial  radialion  can 


: gain  coefficiem  is  given  by: 


C2-3) 


where  7 is  the  purely  radiative  decay  rate  (s''),  n is  the  number  density  <m  and  X is 
the  wavelength  of  the  transition  (m). 

The  conditions  for  superHuorescence  are  summarized  in  the  following  equation: 
L,  < < L < - L.  (2-4) 

where  Lj  is,  the  threshold  length  (m),  which  is  proportional  to  l/a,  where  a is  the  gain 
ooefricieni  defined  in  equation  (2-3).  Lis  the  length  of  the  active  volume,  and  L,  is  the 
cooperation  length  by  Arecchi  and  Counens  (46)  given  by: 


The  left  hand  side  of  the  equation  2-S,  is  equivalent  to  the  condition: 


(2-5) 


T,  < < T,'  (2-6) 

where  r,  is  the  time  duration  of  the  superfluorescencc  pulse  (s),  and  T,’  is  the  reciprocal 
of  the  inhomogeneous  linewidth  (s).  This  condilion  means  that,  the  time  scale  of  the 


cooperative  emission  must  be  shoner  than  the  atomic  relaxation  times.  It  also  means  that 
the  parameter  C > > 1 and  equivalent  to  the  high  gain  condition  aL  > > I.  In  the  case 
that  this  condition  is  not  satisfied,  the  atomic  decay  processes  would  destroy  cooperative 
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In  order  id  have  superfluorescence,  the  cooperative  emission  processes  must 
dominate  the  stimulated  processes.  The  atomic  medium  lenght  must  be  shorter  than  the 
coopeiallon  length,  as  defined  by  the  right-hand  side  of  equation  2-4. 

Superfluorescence  will  be  a quasi-coherent  pulse  of  radiation,  with  intensity 
proportional  to  the  square  of  the  initial  number  of  atoms,  N.  The  pulse  duration,  and 
the  pulse  delay  time  will  be  inversely  proportional  lo  the  number  of  atoms.  Due  to  the 


there  will  be  small  random  varialions  in  Ihe  delay  time  of  the  pulse  from  shot  to  shot. 

A summary  of  the  initial  conditions  and  the  characteristics  of  superfluorescence 
is  prcsenlcd  on  Table  2-3. 


Introduction 

Amptified  spontaneous  emission  (ASE)isthe  most  common  form  of  an  amplifying 
process  (40).  For  high-gain  systems,  an  important  phenomenon  is  that  Ihe  amplifier  can 
amplify  not  only  Ihe  input  rield  from  a laser  oscillntor  bm  also  Ihe  spontaneous  radiation 
emitted  by  the  excited  medium  of  the  amplifier  itself,  this  is  also  known  as  a mirrorless 
laser.  This  process  is  deirimenlal  to  stimulated  emission  processes  ocuiring  in  a laser 

This  ASE  occurs  when  Ihe  spontaneous  emission  coming  from  a distribution  of 
inveried  atoms  is  amplified  by  Ihe  same  group  of  atoms,  but  the  kinds  of  pulse  delays 
and  large  coherent  polariations  that  are  characteristic  of  superradiance  or 


id  chaiacterislics  for  superfluoroscence. 


N = Number  c 
U|  = Dipole  m 


‘ Cylindrical  region  with  Fresnel  number  •>  unity. 
Np  ■ / L X 
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supernuorescence  and  (he  dependence  of  peak  pulse  in(enshy  on  N’  do  not  appear  in 
ASE.  If  the  amplification  is  enough,  ASE  can  produce  a beam  from  the  inverted  medium 
that  can  be  quite  bright,  powerful,  moderately  directional,  with  a fair  amount  of  spatial 


Allen  and  Peters  (46-51)  and  several  other  authors  (52-55)  have  developed  and 
discussed  different  aspects  of  ASE  theory.  Allen  and  Peters  (46)  derived  the  threshold 


where  r„is  the  spontaneous  lifetime  of  the  transition  (s),  ivothe  Doppler  linewidlh  (s  '), 
and  L is  the  medium  length  (m), 

Figure  2-4  is  a pictorial  representadon  of  an  amplifier  medium,  A very  simple 
quantitative  description  of  the  amplifier  intensity  Is  given  by  a steady  stale  equation  for 
the  propagation  of  intensity  in  an  amplifying  medium  characterized  by  the  gain 
coefficient  g; 


(2-8) 


If  1(0)  = 0.  then  I(z)  = 0 for  all  z,  and  so  equauon  2-8  does  not  account  for  spontaneous 
emission  (SE).  To  include  SE  in  equation  2-8  a second  term  is  added: 


(2-9) 


Q 


O 


The  new  added  lerm  accounts  for  the  contribution  to  dl/dz  from  spontaneous  emission 
of  photons  with  energy  hr  (J)  by  n excited  atoms  per  unit  volume  (m'’)  with  spontaneous 
emission  rate  Aj,  (s  '),  and  0/4t  is  the  solid  angle.  The  right  hand  side  of  the  SE  term 
accounts  for  the  appropriate  solid  angle,  (1,  which  is  appnnimately  equal  to  S / L', 
where  S is  the  cross-sectional  area  of  the  amplifier  (in')  and  L is  the  length  (m). 
Integratin  g dl  arriving  at  the  output  end  from  any  small  da  near  the  input  end,  over  the 
entire  length  L gives  the  expression  for  I (J  m' s"'); 


4IT/.2  * 


where  n ■ n^-ni  s njt  n,  and  n2  are  the  number  densities  (m*')  of  level  one  and  two 
respectively.  Solving  equation  2-10  gives: 


Under  saturation  condilions  n is  given  by; 


(2-11) 


. Si  ^ 
Si'Sj  ' 


(2-12) 


where  Uj  is  the  total  number  density  (m'’},  and  gi's  are  the  statistical  weights  of  the 
slates.  Substituting  equation  2-12  into  equation  2-11  gives: 


If  a large  gain  is  assumed,  gL  > > 1 , and  g ■ iv;  e,  where  0 is  the  cross  sectional 
(m^,  equation  2-13  is  simplified  to: 


(2-14) 


If  a small  gain  is  assumed.  gL  < < 1,  and  g • itr  0,  equation  2-13  is  simplified  to; 


In  between  these  two  conditions  and  expanding  the  term,  it  can  be  shown  that  1 <x 

For  a homogeneously  broadened  transition  having  a Lorentaian  lineshape  of  width 
(s‘)i  the  cross-section  0 (m’)  is  given  by; 


substituting  0 from  equation  2-16,  g ■ nr  0,  and  v = c/X,  in  the  first  term  of  equation 
2-13,  and  assuming  high  gain  conditions,  gives: 


4nL‘  Si*S, 


-)n/ 


(2-15) 


(2-17) 
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Saturalioti 

Undu  high  gain  conditions  ASE  coming  from  one  end  of  the  gain  medium  lends 
laiio  of  the  ASE  intensity  to  the  saturation  intensity  in  a simple  homogeneous  gain 

(2-18) 

where  r is  the  radius  of  the  cross  sectional  area  of  the  medium  (m),  and  r,  is  the 
effective  lifetime  of  the  transition  (s),  and  is  the  ladiabve  lifetime  (s). 

Temoorai  and  Spatial  Output 

The  lemporai  output  from  ASE,  consists  of  narrowband,  highly  amplified  but  still 
essentially  random  gaussian  noise,  rather  than  any  kind  of  coherent  or  amplitude  limited 
sinusoidal  oscillation.  ASE,  thus  generally  lacks  most  of  the  Important  temporal 
coherence  features  of  a true  laser  oscillator. 

The  spatial  pattern  from  an  ASE  medium  will  be  a narrow  cone  with  a cone  angle 
defined  by  the  aspect  ratio  of  the  medium  rod  with  a half  angle  iO-r/L.  If  the  rod  is 
slender,  the  output  can  have  a large  degree  of  coherence. 

Cooperative  Processes  jnJdercurv 

The  behavior  of  mercury  in  optically  pumped  ralatures  with  nitrogen,  has  been 
studied  since  1925,  when  Wood  discovered  die  enhancement  of  the  green  fluorescence 
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of  mercury  in  the  presence  of  nitrogen  (56).  In  1974.  Djeu  and  Burnham  demonslraled 
and  described  what  they  called  an  optically  pumped  mercury  laser  (57).  They  pumped 
a mixture  of  mercury  and  nitrogen,  in  a slender  quartz  tube,  with  an  electrodeless  lamp 
using  the  scheme  presented  in  Figure  2-S-  The  first  excitation  step  in  the  scheme  was 
an  excitation  at  253.7  nm  from  level  6‘S<>  to  b'P,.  followed  by  a coIIisionaJ  deactivation 
of  this  excited  slate  to  the  6’Pj  level.  From  this  levei,  they  excited  with  404.7  nm  to  the 
7^S|  levei.  An  inversion  of  population  was  created  between  the  7*51  and  the  6'P,  level, 
creating  the  conditions  to  have  ASE.  In  1978,  Holmes  and  Siegman,  using  the  same 
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CHAPTER  3 

RATE  EQUATIONS  APPROACH 


Inlroduclion 

As  discussed  in  clupier  one,  ihe  energy  density  of  a laser  is  high  enough  to 
greatly  enhance  the  population  of  the  excited  state  when  compared  with  the  thermal 
population  existing  before  the  laser  pulse.  If  the  energy  is  less  than  that  needed  to  obtain 
saturation,  the  populations  of  Ihe  levels  will  be  controlled  by  Ihe  Einstein  coefTicient  of 
spontaneous  emission  and  the  colllslonal  deactivation  rates.  If  the  energy  is  high  enough, 
the  transition  can  be  saturated  and  the  population  of  the  two  levels  involved  will  be 
locked  together  in  the  ratio  of  their  respective  degeneracies.  This  laser  field  is 
considered  to  be  a quasicontinuum,  because  Ihe  spectral  width  exceeds  Ihe  width  of  Ihe 
atomic  absorption  proiile  (14,24).  The  excited  atoms  can  undergo  several  pathways, 
such  as  radiative  deactivation,  eollisional  deactivation,  collisionni  excitation,  and 
chemical  reactions. 

To  be  able  to  describe  and  predict  the  behavior  of  the  populations  of  the  different 
levels,  and  some  parameters  from  the  atomic  fluorescence  system,  a theoretical  or 
mathematical  approach  is  needed.  Although  an  accurate  description  of  this  type  of 
system  Is  given  by  Ihe  tedious  and  complicated  density  matrix  equations,  several  authors 
have  used  the  less  complicated  rate  equation  formulation  with  good  results  (39-64).  In 


equarions 


this  chapter  the  consideraiions  and  auumpllons  of  the  rate 
pointed,  a simple  example  on  how  to  solve  the  rale  equations  is  given,  and  then  the  tale 
equations  are  set  for  the  studied  mercury  system. 

Theoretical  Considerations 

There  are  several  considerations  and  assumptions  that  are  made  in  order  for  the 

compared  with  the  atomic  absorption  profile,  which  avoids  consideration  of  coherence 
effects.  The  laser  beam  is  also  assumed  to  be  spatially  homogeneous.  The  temporal 
behavior  of  the  laser  is  assumed  to  have  a rectangular  shape,  with  duration  dt,  (s),  and 
because  short  laser  pulses  (less  than  ten  nanoseconds)  are  considered,  the  possibility  of 
having  chemical  reactions,  or  recombination  of  ions  and  electrons,  is  not  considered. 

In  Figure  3-1,  a three  level  system  is  presented.  The  following  rate  equations 
analysis  is  the  same  as  (he  one  presented  by  Omcnello,  Smith  and  Hart,  in  their  treatment 
of  ionization  spectroscopy  (63)  but  here  level  i is  level  three  here.  In  the  system 
presented,  by  Omenelio,  el  al.  (63),  only  one  laser  is  present  and  it  is  tuned  to 
collisions  are  the  only  way  excited  atoms  in  level  two  are  transferred  to  level  three.  The 

respectively.  The  total  atomic  population  is  given  by  n,  (m’). 


(3-1) 


{3-3) 


where  R|,  = B„  Pi,  -h  ku,  Ru  = ko,  R,,  = A„  + k„  + B,,  p,„  (s  ').  The  collision 
deeiciiaiion  coefficients  (r'),  are  |iven  by  the  l^'s,  the  Einstein  coefficient  of 
spontaneous  emission  (s'')  by  A,„  the  Einstein  coefficient  of  stimulated  absorption  and 
emission  (m'  s ' J ').  are  given  by  B|,  and  B,,  respectively,  and  the  laser  spectral  energy 
density  (J  m'")  is  given  by  p„.  The  spectral  energy  density  is  give  by: 


p.,= ii — (3-4) 

At^AX/: 

where  E„  is  the  laser  energy  (J).  X„  is  the  transition  wavelength  (m).  S is  the  cross 
sectional  area  of  the  laser  beam  (m'),  4,  is  the  laser  linewidth  (m>,  and  c is  the  speed  of 
light  (m  s '). 

Using  standard  methods  for  the  solution  of  differential  equations,  with  D being 
the  differential  operator,  and  expressing  n,  in  terms  of  hr,  we  get: 

P + R„  4 R„  -t-  R„)  n,  = R„  n,  - R„  n,  (3-5) 


(3-6) 


n,|D’  + D(R„  4 Ra  + R„)  4 R„  R„J  = R„  R^  tir  (3-7) 


Solving  the  quadratic  equation  in  D gives: 


~Xt^X^-4Y 


(3-8) 


where  X ■ Rij  + R,|  + R,„  and  Y ■ R„  R„. 

The  genera]  solulion  for  ti)(t)  is  given  by; 

n,(0  = C,  e-^  4 C,  e*»  + Co 

where  C|,  Cj,  and  C,  are  the  integration  constants  and  the  ct’s  are  given  by; 


An  expression  for  n,(i)  can  also  be  derived,  and  it  is  given  by; 
'■rW  = ~KC,e-'-a,C,e-’^ 


Having  the  initial  conditions  of  ni(t)  = n,(t)  = 0 at  lime  t=0,  results  in  C,  4 C, 
= -Co,  and  solving  for  the  C's  resells  as  follows; 


(3-13) 


(3-14) 


q=-c„ 

C.  = ni  (3-15) 

The  result  for  Cq  is  the  sieady-sieie  value  when  t — ae  and  D — o.  3316  final 
expressions  for  the  dine  dependents  n^  and  Oj  are  given  by: 


n,<r>=>i/l  --^e 


(M6) 


(3-17) 

For  systems  with  more  levels,  solving  the  equations  can  get  more  complicated  and 
time  consuming,  so  that  solving  them  numerically  using  a computer  is  preferred. 

Mercury  Rale  Eoualions 

In  Figure  3-2,  the  different  excitation  and  deexcitalion  processes,  with  their 
respective  rales,  are  presented  for  mercury.  The  rate  equations  can  be  set  as  follows: 

(3-18) 


;,n,-(r,i,.r|,)n| 


(3-19) 
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(3-20) 

^■r,,n,-r„n,  (3-21) 


where  ihe  lolhl  tales  (S'),  tj’s  are  given  by: 


r^‘Lu 


(3-22) 

(3-24) 

(3-2S) 

(3-26) 

(3-27) 

(3-28) 

(3-29) 

(3-30) 

(3-31) 


(3-32) 


In  [his  case,  U,  and  Ln,  Lj.  and  L,,,  are  [he  produci  of  [he  Einsiein  coefflciem  of 


The  Einstein  coefficieni  of  sUnuilaied  absorption  (m*  s ' J '>,  is  given  by; 


(3-18) 


where  A,  is  the  Einstein  coefncieni  of  spontaneous  emission  (r'),  g,  and  g are  [he 
staiisiical  weights  of  the  slates,  X is  the  transition  wavelength  (m),  h is  Plank's  consiam 
(J  s),  and  c is  the  speed  of  light  (m  r'). 

The  spectral  energy  density  (J  m'*),  is  given  by  equation  3-4.  In  Table  3-1, 
a lislof  the  different  values  of  parameters  used  is  presented.  Using  these  peramelers  the 
following  calculations  can  be  made:  for  the  Ersl  laser  excllalion,  wiih  energy  of  1 pj  and 
diameter  of  3 mm: 


g _ 10’(l,3al0’)C4)(253.7j;I0-’)» 
“ 8it(6.6il0-“)(l)(3ii0') 


p . (UIQ-*) 

” (10’‘)(n(3il0=)')(30il0‘'*)(3if0‘®) 
- 3,9  a I0*J  m‘ 


for  the  second  laser  > 


ergy  of  1 pj  and  diameter  of  • 
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g _ 10’(4.0rl0’)(3)(a3S.8xlQ-*)» 

“ 8«(S.6il0-“)(4)(Ii7O'') 

- 9.4  X 10*  m‘  s'  J-' 

p , (UtO-*) 

“ {10-‘)(ir(4.0xl0-’)’)(30xl0-«)(3xi0*) 

- 2.2  X lO"  I m-' 

Note  Ihal  Uie  Einstioi  coefficient  of  stimulated  emission  [m*  s'  I '),  B,  = B,  (g,  / y. 

These  equations  can  be  used  for  the  description  of  the  populaUon  distribution  of 
the  double  resonance  excitation  mercury  fluorescence  system  in  Figure  3-2.  For  a 
complex  equation  system  like  this,  a numerical  solution  is  performed  using  a computer. 
The  program  used  for  the  solution  of  these  equations  is  presented  in  appendix  A. 


CHAPTER  i 
EXPERIMENTAL 


The  schsniatic  diagram  of  the  oplica]  layout  is  shown  in  Figured-!  and  isamilar 
to  the  one  used  by  Vera  « al.(9>  A XeCl  eicimer  laser  (Lumonics  TE-860-4, 
Lumonics,  Ontario,  Canada)  was  used  to  pump  two  dye  lasers  (Molection  DL-14.  Laser 
Photonics,  Orlando,  FL)  at  a frequency  of  ID  Ha.  The  dye  lasers  which  where  aligned 
spatially  and  temporally,  used  Coumarin  500  and  Coumarin  440  (Ejicilon  05000  and 
04400,  Dayton,  OH),  The  laser  energies  were  measured  with  a calibrated  pyroelectric 
loulemeler  (Model  JJ-09C,  Moleciron  Detector,  Incorporated,  Portland,  OR).  The 
Joulemeter  was  calibrated  for  termination  on  50  (1  resistor,  and  its  output  was  a voltage, 
monitored  in  an  oscilloscope,  wilh  the  peak  amplitude  of  this  voltage  proportional  to  the 
energy  of  the  laser  pulse.  The  fundamental  of  one  dye  laser  at  507  nm  was  frequency 
doubled  wilh  a BBO  cryslal  with  an  output  energy  of  60  at  253.7  nm.  The  output 
energy  of  the  other  dye  laser  at  435.8  nm  svas  90  jJ.  The  lasers  energies  were 
monitored  during  the  experiments  to  ensure  optical  saturation  conditions.  Laser  tuning 
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TTie  furnace  (Perldn-EImer  HGA-400,  Perkin-Elmer,  Norwalk.  CTl  was  placed 


on  a plalform  lo  allow  translation  perpendicular  to  the  optical  axis  as  shown  in  Fi|ure 
a-1.  The  furnace  window  mourns  were  tilled  so  the  windows  were  at  an  angle  to  the 
excitation  beam  lo  mlnlraiie  collection  of  the  reflected  laser  radiation  by  the 
monochromaror.  Pyrocoated  gra[rfiite  tubes  equipped  with  a L’vov  platforms  were  used 
for  the  furnace. 

The  fluorescence  was  collected  with  an  achromai  lens  (focal  length  = 10  cm.  //# 
2),  and  delected  with  a double  monochromator  (focal  length  = 22  cm  . //#4,  SPEX 
1680,  300  nm  blazed  gratings,  SPEX,  Edison,  NJ)  with  a slit  width  of  1 mm  and  a PMT 
(Hamamatsu  iP28.  Hamamatsu,  Bridgewater,  NJ).  An  achromat  lens  was  used  to  image 
the  fluorescence  on  the  monochromator  entrance  slit;  the  achromatic  lens  resulted  in  the 
best  signa]-lo-noiseraiiD.(S)  An  aperture  was  used  in  front  of  the  lens  in  order  to  match 
the  //#  of  the  collection  optic  with  the  monochromator  //#  (where  the  lens  f!»  = focal 
length  / diameter). 

A long  pass  filler  (Hoya  Y-52,  Hoya  Optics  Incorporated,  Slurbridge,  Mass.)  was 
used  in  front  of  the  entrance  slit,  to  lower  the  laser  scatter.  When  necessary,  and  lo 
avoid  saturation  of  the  PMT,  neutral  density  filters  (ORIEL  Corporation,  Stratford,  CT) 
were  used  in  fiomofthe  entrance  slit,  lo  attenuate  the  imensily  of  the  fluorescence.  The 


(4-1) 


where  I,  is  the  incidew  power  (W)  and  I,  is  the  transmitted  power  (W).  The 
transmittance  of  a fllier  can  be  calculated  as: 

T = 10  " (4-2) 

Since  the  optical  densities  of  the  filters  are  additive,  several  filters  can  be  used  to 
produce  tiigtier  attenuation  of  the  fluorescence.  The  optical  density  in  that  case  will  be 
given  by: 

On-t'Eo,  (‘*•3) 

where  D,  is  the  optical  density  of  one  filler. 

The  PMT  was  terminated  in  a 1200  n load  resistor  and  ihe  signal  processed  by 
a boxcar  (Stanford  SR2S0,  Stanford  Research.  Palo  Alto,  CA)  and  an  analog-to-digilal 
interface  (Stanford  SR245,  Slanford  Research,  Palo  Alto,  CA),  and  collected  by 
computer.  A boxcar  timeconstam  of  1 s was  used  for  all  measurements.  The  electronic 
detection  system  was  triggered  by  a l»l  photodiode  iriggered  by  the  excimer  laser. 

Mercury  solutions  were  prepared  using  a 1000  part-per-million  (ppm)  mercury 
standard  (SPEX,  Edison,  Ni)  and  low  conduclivily  de-ionized  water.  Injections  of  ID 
<iL  aliquots  were  introduced  into  the  furnace  using  a microplpelle  (Eppendorf 
Comforpeite  4700,  Eppendorf,  Madison,  Wl). 

In  Figure  4-2,  Ihe  two-step  excitation  scheme  with  the  corresponding  fluorescence 
emission  lines  is  shown.  The  scheme  used  a first  excitation  at  2S3.7  nm  and  a 
second  excitation  at  X,  = 435.8  nm.  Fluorescence  was  observed  at  Xm=  546. 1 nm,  Xm= 
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404.7  nm,  or  at  >>,0“  407.8  nm.  As  can  be  seen,  two  of  these  lines  are  optically 
coupled  and  the  third  at  407.8  nm  is  populated  by  collisions. 

Eliniination.iif  Mercury  Loss 

Because  of  the  volatility  of  mercury,  loss  during  the  drying  step  in  the  furnace 
was  a major  problem.  Grobenski,  ei  al.  (36)  showed  that  the  problem  of  mercury  loss 

The  furnace  tempeiaiure  program  used  before  finding  this  literature  was  (or  step 
one,  the  drying  step,  a 1 10  *C  temperature  was  maintained  for  40  s,  and  as  a second  step 
atomization  at  a temperature  1 100  "C  was  maintained  for  5 s.  The  atomization  step  was 
performed  under  slopped  flow  conditions. 

The  furnace  temperature  program  was  modified  to  follow  the  suggestions  of 
Grobenslci  et  al.<36).  Palladium  was  added  as  a matrix  modifier  to  avoid  loss  of  mercury 
during  the  drying  step.  The  palladium  1000  ppm  stock  solution  (SPEX,  Edison,  NJ)  was 
used  directly:  injections  of  20  pL  aliquots  were  introduced  into  the  furnace  using  a 
micropipelle  (Eppendorf,  Madison,  WI).  After  injecting  the  palladium  solution,  the 
program  was  started,  with  a ramp  of  5 s from  25  *C  to  1 10^,  which  was  maintained  for 
35  s.  An  atomization  step  was  performed  al  1200"  C for  5 s.  After  that,  a room 
temperature  step  allowed  time  10  inject  the  10  pL  of  100  ppb  Hg  solution.  The  drying 
and  atomization  steps  times  and  temperatures  were  the  same  as  those  used  for  palladium, 
but  the  atomization  step  was  performed  under  stopped  flow  conditions.  A cleaning  step 


> *€  Ended  the  program.  This  modined  program  is  shown  schemalically  In  Figure 


The  instrumenial  limit  o(  detection  (LOD)  was  determined  for  the  nuorescence 
at  Xfli  and  XfQ.  The  instruments^  parameters  and  furnace  temperature  program  mentioned 
above  were  used  for  the  determination  of  the  LOD.  It  is  imporiam  to  note  that  the  long 
pass  filter  was  removed  for  the  determination  at  \a  because  the  cut  oil  wavelength  was 
" 510  nm.  All  measurements  were  performed  using  a mercury  solution  of  lOOppb,  and 
they  were  in  triplicate.  The  LOD  is  defined  by  the  following  equation; 

(4-4) 

where  S is  the  signal  in  V-s.  N is  the  Noise  in  V-s,  C,  is  the  analyte  concenlialion,  and 
k is  the  confidence  factor  (chosen  to  be  3). 

The  signal  were  measured  as  the  sum  of  the  signals  of  the  each  point  in  the  peak, 
which  is  proportional  to  the  area  of  the  peak.  The  noise  were  taken  by  letting  the  lasers 
running  over  a period  of  time,  without  running  the  furnace,  assuming  that  the  only  source 
of  noise  was  from  the  scalier  of  the  lasers.  A calculation  of  the  average  of  the  signal 
peak  width  was  done.  This  peak  width  (PWJ  was  used  to  calculate  the  noise  as  follows: 
1)  a section  in  the  plot  of  signal  versus  time  of  width  equal  to  3PW,  was  randomly 
selected,  2)  the  average  of  the  average  signals  for  Ihe  first  and  last  section  of  width  PW, 
was  subtracted  as  the  background,  3)  the  area  of  the  central  section  was  calculated,  4) 
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Uie  first  3 steps  were  repealed  several  times  5)  the  standard  deviation  of  the  areas 
calculated  in  step  3 was  taken  as  the  noise.  This  way  of  calculating  the  noise  is  a tedious 
and  a dme  consuming  process,  and  so  a computer  program  was  developed  to  perform  the 
calculation  (see  appendix  B).  To  compare  If  there  was  a significant  difference  between 
the  calculation  performed  manually  and  the  one  performed  by  the  computer,  a student 
t'test  was  carried  out  (65}. 

The  calibration  curves  for  X„|  and  were  obtained.  The  instnimentation 
parameters  were  mentioned  in  a preceding  section.  Triplicate  measurements  were  done 
for  the  blank,  and  mercury  solutions  at  0.01,  0.02,  0.04,  0.06,  0.08,  0.1,  0.2,  and  1.0 
part-per-million  (ppm)  for  the  calibration  curve  at  X„,.  For  the  measurements  started 
with  mercury  solutions  of  0.1,  0.2.  1,  10,  and  100  ppm. 


The  schematic  diagram  of  the  optical  layout  for  amplified  spontaneous  emission 
(ASE)  U shown  in  Figure  4-4.  The  main  components  and  parameters  are  the  same  as 
the  ones  presented  in  the  LEAFS-ETA  section.  For  this  case  in  particular,  the  atom 
reservoir  was  a vapor  cell  (Glass  Shop,  Department  of  Chemistry,  University  of  Florida), 
instead  of  the  graphite  furnace.  Also,  the  collection  of  the  ASE  was  made  at  181?  with 
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into  Uie  emnince  sUl  of  Ihe  monochromator.  (H-IOV  American  ISA,  Menichen,  NJ.  focal 
length  = 10  cm,  wiihoui  slits)  that  was  fitted  with  a PMT  (R1414,  Hamamalso, 
Bridgewater,  NJ).  An  interference  filter  {Model  54660,  Oriel  Corporation,  Stratford, 
CT)  was  place  in  front  of  the  entrance  of  the  monochromator.  Neutral  density  filters 
were  also  used,  when  necessary  to  attenuate  the  intensity  of  the  ASE.  The  signal  was 
processed,  as  in  the  LEAFS-ETA  setup,  by  a boicar,  analog  to  digital  interface  and  a 
collected  by  the  compuler. 


Three  difTerem  vapor  cells  were  used  for  the  ASE  experiments.  The  lint  design, 
celI-1,  which  is  shown  in  Figure  4-5,  was  already  available  in  the  laboratory  and  was 
routinely  used  for  checking  the  alignment  and  tuning  of  the  lasers.  This  cell  (Scm  x 5 
cm  o.d.)  had  quartz  windows,  that  were  aiiached  by  the  glass  shop.  Several  grams  of 
mercury  were  placed  in  it  with  what  is  believed  lo  be  as  buffer  gas,  with  a pressure 
- SOO  lorr.  There  is  no  record  on  Ihe  procedure  on  how  the  cell  was  made,  or  the 
pressure  of  the  buffer  gas.  The  other  two  cells  were  design  for  the  ASE  experiments. 

The  design  of  the  second  ccll-II  used  is  presented  in  Figure  4-6.  This  glass  cell 
had  quartz  windows  fixed  by  using  high  vacuum  epoxy.  Three  small  drops  of  mercury 
were  place  in  il  and  a leflon  high  vacuum  stopcock  (Rotaflo  by  Coming,  Coming,  NY) 
was  used  to  seal  it.  The  water  Jacket  around  it  allowed  for  cooling  or  heating. 

The  design  of  the  third  cell-ill  design  used  is  presented  in  Figure  4-7.  This  cell 
was  also  made  from  glass,  and  the  quartz  windows  were  fixed  by  using  high  vacuum 
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epoxy.  A few , 


jiy  were  pieced  in  a separate 


a high  vacuum  stopcock  (Rotaflo  by  Coming,  Coming,  NY).  By  cooling  the  separate 
compartment  to  liquid  nitrogen  temperatures,  this  design  allows  pumping  of  the  cell 
without  letting  mercury  into  the  vacuum  system-  The  main  compartment  of  this  cell  was 
sealed  by  using  a high  vacuum  stopcock  (Komes,  Kontes  Glass,  Vineland,  NJ), 


The  laser  beams  were  attenuated  by  placing  colored  glass  neutral  density  filters 
<Oriel  Corporation,  Stratford,  CT)  at  the  exit  of  the  respective  dye  laser.  The  laser 
energies  were  measured  at  the  point  in  the  optical  path  where  the  celi-1  was  to  be  placed 

performed  at  8.8  *C  to  make  sure  that  the  cell  was  not  optically  thick. 

The  background  noise  was  measured  for  20  s by  running  Ihe  system  without  the 
cell  in  Ihe  optical  path.  The  cell  was,  then  placed  in  Ihe  optical  path  and  the 
signal +background  was  measured  for  20  s.  The  signal  was  calculated  by  subtracting  the 
average  of  the  background  measurement  from  the  signal+background  measurement. 

ASE  Dependence  on  Number  Density  of  Mercury 

Cell-II  was  filled  with  argon  as  buffer  gas  as  described  in  the  preceding  section. 
After  placing  the  cell  in  the  optical  path,  the  temperature  control  system  shown  in  Figure 
4-8,  was  connected.  The  lempcralure  control  system  consisted  of  two  water  reservoirs; 
Ihe  first  one  was  a buffer  reservoir  filled  with  water  and  Ihe  second  was  the  cooling  or 
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healing  reservoir,  which  was  kepi  insulaied 
lemperalure  ( •>  2 *C)  was  needed  the  waier  from  ihe  bufTer  reservoir  was  circulated  by 
a waier  pump  (Model  CP-650Crr,  Liiile  Giani.  Oklahoma  City,  OK)  lo  a commercial 
cooling  system.  After  the  measurement  at  this  temperature  was  obtained,  Ihe  pump  and 
Ihe  commercial  cooling  system  were  turned  off.  The  water  from  the  cooling  or  heating 
reservoir  was  circulated  by  a water  pump  (Model  CP-6500T,  Little  Giant),  to  a copper 
coil  inside  Ihe  buffer  reservoir,  and  from  there  into  the  cell.  From  the  cell,  the  water 

temperature  was  obtained,  some  of  the  ice  was  taken  out  of  the  reservoir,  and  a 
circulator  (Model  1252-00,  Cole  Palmer  Instruments  Company,  Chicago,  III.)  was  used 
to  heat  the  water  gradually.  This  cooling  and  healing  system  had  a temperature  stability 
of  - ± 0.1  "C. 

When  the  cell-I,  a copper  jacket  was  available  to  allow  cooling  or  heating  of  the 
cell.  The  above  cooling  or  heating  system  was  connected  to  the  jacket  that  was  placed 
around  the  cell. 

The  number  density  in  both  cases  was  calculated  from  Ihe  vapor  pressure  of 
mercury  using  the  following  equation; 

Iogp=^tfl*CIogr*DT 

where  p is  the  pressure  in  lorr  and  T is  the  temperature  In  K.  The  values  of  A,  B,  C, 
D were  calculated  by  fitting  the  data  from  a table  in  reference  30  to  the  equation  (4-4). 
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The  values  found  where,  A = 3339  lore  K , B = 10  tore,  C = -0.78  tore  , and  D = 6.6 
X 10  ’ tore  K '.  The  tignal  and  noise  measurements  were  performed  as  in  the  preceding 
sub-section,  for  each  number  density. 

A study  of  ASE  dependence  on  number  density  was  also  done  in  the  graphite 
furnace.  The  signal  was  measured  in  uiplicaie,  and  the  areas  were  measured  as 
described  in  the  sub-section  on  Eieterinination  of  Instrumental  Limit  of  Detection  in  the 
LEAFS-ETA  section  preceding  this  one. 

ASE  Dependence  on  Type  of  Buffer  Gas 

The  mercury  vapor  cell-11  was  evacuated  to  several  hundred  millilore  for  not  less 
than  5 min,  by  a mechanical  pump  (Type  1030,  Alcatel,  Hanover,  Mass.)  that  was 
protected  from  mercury  gases  by  a liquid  nitrogen  trap.  After  closing  the  stopcock,  a 
now  of  the  buffer  gas  was  blow  over  the  entrance  tubing  lo  sweep  the  air  trapped  in  it. 
After  several  minutes  of  purging,  the  buffer  gas  line  was  connected,  and  the  stopcock 
was  opened.  The  intensity  of  the  ASE  with,  air,  nitrogen,  and  argon,  was  measured  as 
shown  in  Figure  4-4,  and  processed  as  discussed  in  the  secUon  above. 

The  ASE  dependence  on  type  of  buffer  gas  was  studied  in  the  graphite  furnace. 
Triplicates  of  the  measurement  were  done  by  injecting  10  /iL  aliquots  of  a 1 ppm 
mercury  solution  into  the  furnace.  In  Ihe  llrst  case,  the  normally  used  argon  buffer,  was 
connected  to  the  gas  line  of  the  graphite  furnace.  Then,  the  gas  line  was  changed  to  the 
laboratory  nitrogen  line,  and  Ihe  measurement  performed  by  using  the  latter  as  the  buffer 
gas.  Air  was  not  used  as  a buffer  gas,  because  it  will  destroy  the  graphite. 


ASE  Dependence  on  Nitrogen  Gas  Press 


To  evacuate  the  cell  used  in  this  experiment,  cell-IH,  a high  vacuum  system  which 
was  available  in  the  laboratory  was  used.  This  system,  shown  in  Figure  4-9,  is  capable 
of  achieving  pressures  of  Itf^torr.  The  procedure  on  how  to  use  the  system  is  described 
by  Ayala  (6S).  To  prepare  the  cell,  the  mercury  compartment  was  cooled  to  liquid 
nitrogen  temperatures,  then  both  stopcocks  (refer  to  Figure  4-7)  were  opened.  After 
achieving  « 1(7*  torn,  the  cell  was  left  for  5 minutes.  After  closing  the  system  valves 
and  the  mercury  compartment  in  the  cell,  the  necessary  amount  of  nitrogen  gas  was 
added  to  the  cell  to  obtain  the  desired  pressure.  The  cell  was  placed  in  the  optical  path 
and  measurementof  the  signal  was  performed  as  described  in  the  preceding  sub-sections. 
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RESULTS  AND  DISCUSSION 


Laser  Exciled  Alomic  Fluoreacence  SneciroiMtfv 


After  the  use  of  Pd  as  matrix  modifier,  and  making  the  modifications  in  the 
graphite  furnace  temperature  program  suggested  by  Grobenski  et  al.{36),  the  mercury 
loss  was  eliminated.  Grobenski  and  co-workers  (36)  thought  that  the  mechanism  of  the 
matrix  modification  was  a simple  amalgamation,  but  this  was  not  the  case  because  they 
tried  gold  and  plabnum  and  neither  of  these  meialsworked.  They  pointed  out,  though, 
that  the  only  difference  between  these  three  elements,  was  that  palladium  readily  forms 
oxides  which  seems  to  be  somehow  required  or  involved  in  the  atomization  of  mercury. 
This  point  was  tested  by  using  silver,  which  also  forms  oxides.  Good  results  were 
obtained,  suggesting  that  oxide  formation  is  necessary.  Rellberg  and  Beach  (66),  staled 
that  the  reaction  leading  to  analyte  stabilization  occured  at  the  surface  of  Pd  droplets 
formed  in  the  furnace.  The  analytical  usefulness  of  Pd  as  a modifier  would  then  be 
related  to  the  ability  lo  create  a clean  Pd  surface  and  the  amount  of  Pd  surface-area 
exposed  (66).  This  same  aigumeni  has  been  established  to  describe  the  effectiveness  of 
supported  catalyst  materials,  including  Pd  catalysis  (67).  References  can  be  found  which 
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show  evidence  of  Pd  droplets  formaiion  on  surfaces,  where  Pd  catalyst  were  supported 
<68-69). 

In  Figures  5-1  and  5-2  the  difference  between  not  using  the  matrix  modifier,  and 

shown  in  Figure  5-2  is  10  times  smaller  than  that  for  Figure  5-1, 

Determination  of  Inslnttnental  Limit  of  Detection 

The  typical  signal  output  of  the  boxcar  is  presented  in  Figure  5-3.  A 1.0  neutral 
density  filler  was  inserted  at  the  spectrometer  for  concentrations  above  10  ppb  in  order 
to  maintain  linearity  in  the  PMT.  The  limits  of  detection  (LOD)  obtained  are  given  in 
TableS-1.  Tlie  LOD  for  the  546. 1 nm  fluorescence  line  was  best.  The  limiting  noise, 
regardless  of  the  fluorescence  wavelength  used,  was  laser-induced  noise  due  to  detection 
of  stray  light  at  dther  507.4  nm  (the  fundamental  output  of  the  2S3.7  nm  laser  beam)  or 
435. 8 nm.  This  level  of  laser-induced  noise  was  about  2X  greater  than  the  noise  level 
produced  by  radio-frequency  pick-up  from  the  firing  of  the  excimer  laser  and  about  4X 
greater  than  the  detector  dark  noise.  A comparison  of  the  limits  of  detection  obtained 
by  other  techniques  is  given  in  Table  5-2.  As  can  be  seen,  only  two  techniques  allowed 
direct  determination  of  mercury.  Even  though  several  of  them  repon  sub-pptr  LOD’s. 
their  absolute  LOD  is  poor  compared  with  this  work,  because  of  the  pre<oncenlration 
step.  The  practical  detection  limit  was  blank  limited;  the  best  available  water  in  our 
l^raiory  contained  about  1 ng/mL  Hg. 
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Table  5*1.  Instrumental  limits  of  detection  for  LEAFS-ETA  determination  of  mercury. 


Fluorescence 
Wavelenght  (nm) 
346.1 


LOD‘ 
pg  (fg) 
10(90") 


LOD' 
PPt>  (PPtI) 
1 (9") 


(500"> 


(50") 


' LOD  ~ Limit  of  Detection 


••  Laser  scatter  limited  LOD 


' AA  = AUimic  absorption 
CV  - Cold  vapor 
DRI  = Double  resonance  ionization 
FL  = Fluorescence 
ETA  = Electrothermal  atomization 
Pt-ETA  = Platinum  coaled  graphite  lube 
ICP-MS  = Inductively  coupled  plasma  mass  spectrometry 
LEAFS  - Laser  excited  atomic  fluorescence 

••  ND  = Not  determined 

”■  D = Direct 

P = Pre-concentration 

’ Laser  scatter  limited 


LOD 


All  the  noise  measuremenis  were  performed  using  the  progiam  listed  in  Appendix 
B.  These  calculations  were  compared  with  the  calculations  made  manually  by  means  of 
a student  t-tesl.  Two  conditions  must  be  met  for  the  validity  of  the  t-iest.  The  first  one 
was  the  condition  of  the  variable  nonnally  distributed  in  the  population,  which  in  this 
case  was  assumed.  The  second,  the  condition  of  homogeneity  of  the  variances  was 
cheeked  by  performing  the  F-test.  The  results  of  the  Student  t-test  are  presented  in  Table 
S-3.  From  the  results  of  the  t-tesl  for  the  confidence  and  degrees  of  freedom  stated,  it 
can  be  concluded  that  the  standard  deviations  of  the  blanks  signal  calculated  by  the 
computer  and  the  standard  deviabon  of  the  blanks  calculated  manually  are  the  same. 


Analytical  calibration  curves  for  >vii=  546.1  nm  and  X„,=  407.8  nm  are  shown 
in  Figure  3-4.  The  linear  dynamic  range  (LDR)  at  Xg,  = 546.1  nm  is  limited  at  high 
concentrations  where  amplified  spontaneous  emission  ASE  occurs  and  a collimated  beam 
of  stimulated  fluorescence  emerges  from  the  graphite  furnace  collinear  with  the  lasers. 
The  effect  of  ASE  in  the  calibration  curve  at  kg,  = 346.1  nm  is  shown  in  Figure  S-S. 
However,  the  ASE  was  spatially  Eltered  to  some  extent  by  the  pierced  mirror  which 
allowed  most  of  the  atomic  fluorescence  to  be  delected  while  most  of  the  ASE  passed 
through  the  hole  on  the  pierced  mirror,  as  shown  in  Figure  3-6.  The  ASE  is  due  to  an 
inversion  of  population  that  occurs  from  the  levels  involving  kg,  ^ S46.1  nm  and  kg;  = 
7 nm  transitions  during  the  eicliatlon  pulse.  The  LDR  forXg,  - S46.1  nm  is  three 
rs  of  magnitude  (from  I ppb  to  1 ppm),  and  could  he  extended  by  resorting  to 
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' Checking  the  condilion  of  homogencily  of  variances.  The  condilion  of  normality  is 
assumed  to  be  fullfilled 
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fluorescence  measuremems  ai  ihe  collisionally-coupled  transition  at  = 407.8  nm 
where  no  inversion  of  population  shouid  occur,  since  Ihe  7 ‘So  level  is  about  1500  cm  ' 
above  the  7 ’S,  level  and  kT  at  the  ntomiralion  temperature  is  only  1000  cm  ', 

Amolified  Spontaneous  Emission 


Saturation  was  obtained  for  the  first  and  second  excitations  stqrs,  as  shown  by 
Figures  5-7  and  5-8  respcctiveiy.  The  saturation  energies  were  for  X,  - 253.7  nm,  •> 
10  fJ,  and  for  X,  = 433.8  nm.  IS  id.  The  error  bars  in  both  plots  are  given  by  ± a, 
where  e is  the  standard  deviation  of  the  triplicate  analysis.  The  regression  of  the 
saturation  curve  of  the  flrsl  transition  was  calculated  and  plotted  by  Sigma  Plot  (v  5.1, 
Jandel  Scientific,  Cone  Madera,  CA)  with  a slope  of  2.11  with  r*  = 0.992.  The 
regression  of  the  saturation  curve  of  the  second  transition  was  calculated  and  plotted  by 
Sigma  Plot  (v  5.1,  Jandel  Scientific,  Corte  Madera,  CA),  with  a slope  of  2.06  with 
= 0.996.  The  slopes  can  be  explained  by  the  intensity  expression  for  ASE,  equation  2- 
13,  which  predicts  that  for  a gain  length  product  (gL),  of  approximately  one,  the 
intensity  will  be  proportional  to  Ihe  number  density  squared. 

It  is  worth  noting  that  Ihe  cell  used  for  this  measuiemenis  shown  an  anomalous 
behavior  for  the  dependence  on  buffer  gas  type.  This  anomalous  behavior  is  described 
in  the  ASE  Signal  Dependence  on  Type  of  Buffer  Gas  section  under  the 
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Tlie  ASE  signal  dependence  on  mercury  number  density  is  presented  in  Figures 
5-9  and  5-10  for  vapor  cell-Il  with  argon  as  buffer  gas,  and  cell-I  with  nitrogen  as 
buffer  gas  <tlie  anomalous  behavior  cell).  Figure  5-11,  presents  the  ASE  signal 
dependence  on  number  density  for  the  graphite  furnace  with  argon  as  buffer  gas. 

Figure  5-9,  clearly  shows  the  amplifying  behavior  of  the  cell.  As  described  by 
theory,  the  signal  increases  much  faster  than  the  linear  number  density  dependence  of 
fluorescence.  After  this  exponential  dependence  on  the  number  density,  the  A5E  signal 
reaches  a plateau.  This  plateau  is  reached  because  theASEcannotgrow  indefinitely,  and 
saturation  will  become  important  at  this  point.  From  a semi-log  plot  of  the  ASE  signal 
versus  number  density,  the  calculated  slope,  jL  (from  equation  2-14),  is  - 3.2  x Kh” 
cm’.  Using  this  number,  a number  density  of  5 x 10"  aioms/cm"’,  and  substituting  in 
equation  2-18,  we  find  that  the  exponential  terra  is  « e"  or  7x  10’,  indicating  that  the 
medium  is  saturated. 

Using  a simplified  rate  equation  approach  to  describe  the  ASE  mercury  system 
as  shown  in  Figure  5-12  we  have  the  following  equations: 
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and  where  is  spectral  ene^y  density  (J  nr*),  coeffioent  of  stimulaled  emission  (m* 
s''  J''),  Aj,  are  Ihe  Einstein  coefficients  of  spontaneous  emission  (s'),  are  the 
coUisional  rates  (s'),  Oj  are  the  level  populations  (m'’),  Rj  is  the  combined  pumping  rate 
for  Ihe  lasers.  The  term  p„  Iq  accounts  for  stimulalcd  emission  emerging  from  this 
transition.  Assuming  lasers  with  a square  pulse  of  duration  T and  that  = Pu  end 
considering  that  at  the  beginning  I],  = 0,  we  have: 

(5-3) 


^.0-R,-^-p,/u(%-n,)  (5-4) 

^=0=R,r^-.^.p^^(n,-n,)  (5-5) 

where  R;  is  the  pumping  rate  of  level  2 (only  coUisional),  and 


(5-6) 


in  Ihe  following: 
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(5-7) 


(3-8) 


(5-9) 


The  preceding  equelions  have  been  derived 


evoluiion  of  level  3 


and  ihecondilions  for  which  slimulaled  radiative  rates  becomes  imponani  between  levels 
3 and  2,  From  equation  5-9,  one  can  see  that  stimulated  emission  shortens  the  lifeliine 
of  level  3 and  that  the  population  Uj  decreases  when  1 >•  > 1„.  This  helps  to  explain  the 
behavior  at  the  end  of  Figure  5-9  where  a plateau  is  reached. 

The  same  type  of  behavior  is  found  for  cell-I.  In  this  case,  the  copper  jacket  that 
surrounded  the  cell  did  not  allow  cooling  under  1S°C.  The  calculated  oL  - 7.2  a 10 
cm’.  Making  the  substitutions  into  equation  2-18  gives  - e”  or  1.6  x 10”.  This  also 
indicates  saturation. 

around  1 ppm  the  ASE  starts  to  show.  In  the  figure,  the  line  shows  where  the  normal 
nuorescence  behavior  will  be  if  there  is  a linear  dependence  on  density  for  the  first  three 
points.  In  the  furnace  with  volume  •>  0.79  cm’  for  1 ppm,  and  assuming  no  loss,  the 
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number  density  <•  3.6  x 10'’  aloms/cm  Comparing  this  number  density  in  Figure  5-9, 
this  number  coincided  with  the  number  density  where  the  plot  shows  an  abrupt  increase. 

ASE  Sienal  Dependence  on  Type  of  Buffer  Gas 

Normal  cell  behavior.  The  results  of  the  ASE  dependence  on  buffer  gas  are 
presented  in  Table  5-4.  The  ASE  signal  for  argon  at  atmospheric  pressure  is  - 3x 
higher  than  that  for  nitrogen,  and  ••  4.5x  higher  than  the  air  signal.  From  the  slopes 
of  the  semi-log  plots  the  cross  sections  are  3.2  x ICf”  cm’  for  argon,  and  9 x 10'*  cm’ 
for  nitrogen.  The  cross  section  for  nitrogen  is  » 3 times  higher  than  the  one  for  argon. 
In  the  case  of  nitrogen  at  atmospheric  pressure  it,  is  • 1-5  x greater  than  that  of  the  air. 

Giaohite  furnace  behavior.  The  results  for  ASE  dependence  on  argon  and 
nitrogen  as  buffer  gas  in  the  graphite  furnace  are  presented  in  Table  5-5.  These  results 
confirm  that  the  argon  ASE  signal  is  ■ 3x  larger  at  atmospheric  pressure. 

Anomalous  cell  behavior.  The  ASE  from  cell-I  was  found  lobe  Itfx  higher  than 
the  others,  and  there  is  no  explanation  for  this  result.  This  result  was  not  reproducible 
with  any  other  cell  in  the  laboratory.  The  preparation  and  cleaning  procedures  for  cell-1 
are  unknown,  and  so  a comparision  with  others  cells  cannot  be  made.  One  major 
difference  between  this  cell  and  the  others  is  that  the  windows  were  glass  blowed  in  the 
cell  while  in  the  others  the  were  fixed  with  epoxy.  Another  major  difference  is  that  this 
cell  is  completly  galss  sealed  while  the  others  use  high  vacuum  stopcocks  as  seals. 

The  ASE  signal  dependence  on  nitrogen  pressure  using  cell-ill  was  studied  and 


is  presented  in  the  following : 
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Table  S-4.  Buffer  gas  effect  on  ASE  signal  relative  to  that  oflhe  > SOO  torr  of  N,. 
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T^le  3-3.  ASE  signal  dependence  on  of  buffer  gas  in  the  furnace.  The  signal  is 
relative  to  that  for  argon  gas. 


Buffer 

Gas 


N, 


Pressure 


760 


760 


Reiaiive 

Signal 
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Tlie  ASE  signal  dependence  on  nilrogen  pressure  is  presented  in  Figure  5-13- 
The  mannium  signal  was  at  400  lorr,  and  the  maximum  was  only  twice  of  Uiat  at  760 
torr.  This  figure  demonstrated  that  the  ASE  signal  probably  increased  approximately 
with  an  increase  of  the  absoiption  factor  (shown  in  Figure  5-13  as  calculated  in  Math- 
CAD  by  using  equation  5-10)  until  other  Actors,  such  as  collisions  took  over  decreasing 
the  signal,  There  is  no  explanation,  though,  for  the  behavior  of  cell-1,  and  only 
speculation  can  be  made  on  the  unknown  preparation  procedures  for  this  cell. 


where  Einstein  coefficient  of  stimulated  absorption  (m‘  J ' s '),  n,  Is  the  number 
density  (m'’),  h is  Planks  constant  (J  $J,  \ is  the  wavelength  (m),  S;.  is  the  line  profile 
(m  '),  and  c is  the  speed  of  light. 


The  rale  equations  computer  program  was  modified  to  calculate  the  theoretical 

transitions  are  presented  in  Figure  5-14  and  5-15,  tespecdvely.  The  saturation  energy 
from  this  calculations  were  3 )J,  and  5 for  the  first  and  second  transitions, 


h J. 


(5-10) 


respectively. 


I 


JopBj  aoi|diosqy 


(*n*B)  lBnS|s 


1 1 


I 
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Laser  Energy  (/iJ) 


i| 

S s 
8-| 


■ie 


Assuming  that  ASE  is  present  and  will  vary  as  the  square  of  the  number  density, 
ihe  saturation  plots  calculated  with  the  program  were  compared  with  the  experimental 
saturaUon  curves  for  ASE. 

In  Figures  5-16  and  5*17.  Ihe  saturation  curves  for  the  Erst  and  second 
tranudons,  respectively  are  compared.  In  both  cases  good  agreement  was  found  between 
the  theoretical  and  the  experimental  curves. 
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I 

I 


I 

s 

8 

5 

i 

I 


149 


TBTlSlg 


‘■/-n 


CHAPTER  6 

CONCLUSIONS  AND  FUTURE  WORK 


Laser  excited  atomic  fluorescence  has  been  used  for  the  determination  of  mercury 
with  sub-pg  instrumental  detection  limits.  The  practical  limit  of  detection  was  blank 
limited;  the  best  water  in  Ihe  laboratory  contained  about  1 ng/  mL  of  Hg.  The  LDR  for 
the  546.1  nm  emission  is  approximately  three  orders  of  magnitude  (from  Ippb  to  1 ppm) 
and  is  limited  due  to  a nonlinear  amplified  spontaneous  emission  process  created  by  an 
inversion  of  population  during  the  excliation  pulse.  The  LDR  can  be  extended  by  using 
the  collisionally-coupled  transition  at  407.S  nm. 

The  use  of  LEAFS-ETA  for  the  direct  delermination  of  mercury  is  promising 
especially  with  the  excellent  LCDs  and  LDRs  and  the  sample  size  required  for 

technique,  and  so  careful  delermination  of  the  best  water  available  and  the  best  cleaning 
procedures,  for  this  analysis  should  be  done.  Future  work  includes  the  determination  of 
mercury  in  samples  of  environmemal  importance  and  the  study  of  tills  technique  for 

The  mercury  fluorescence  at  Xm  - 546. 1 nm  has  shown  the  ability  to  work  as  an 
amplifiedspomaneousemissionamplificr  or  mirrorless  laser.  For  the  firsttime  ASE  was 
observed  for  mercury  vapor  cells  using  a pulsed  excitation.  The  ASE  at  546.1  nm  was 


150 


151 

observed  for  solutions  concentrations  higher  or  equal  to  one  ppm  in  the  furnace  with 
nitrogen  or  argon  as  buffer  gas,  and  number  densities  > 10'^  ctn*’  in  mercury  vapor  ceUs 
using  nitrogen  and  argon  as  buffer  gases.  Saturation  curves  for  the  ASE  were  measured 
for  both  wavelengths  of  excitation.  Both  curves  showed  a square  dependence  on  the 
energy  of  the  respective  laser.  The  dependence  of  the  ASE  on  the  number  density  was 
exponential  for  lower  number  densities,  followed  by  a plateau  due  to  the  saturation  of  the 

Both  the  fluorescence  and  the  ASE  saturation  curves  were  calculated  using  rate 
equations  solved  numerically  by  a computer.  In  the  case  of  the  ASE,  the  experimental 
and  theoretical  calculations  were  compared  showing  good  agreement  within  experimental 

Future  work  in  this  area  could  include  be  a more  rigorous  approach  than  the  rale 
equation  (e.g.  density  matrix)  to  describe  the  ASE  phenomena.  In  that  case,  predictions 
of  ASE  in  other  atomic  systems  can  be  made,  followed  by  the  appropriate  experimental 
investigations,  in  order  to  seek  possible  applications  for  this  ASE  mitrorless  laser. 

Also,  the  repioduction  of  the  result  for  the  anomalous  cell  is  imperative.  A detail 
study  should  be  done  of  differem  preparation  conditions  as  well  as  the  possibility  of 
opening  the  exdling  anomalous  cell  to  determine  what  is  the  compotition  of  the  buffer 


APPENDIX  A 

COMPUTER  USTING  OF  BASIC  PROGRAM  USED  FOR  THE  NUMERICAL 
SOLUTION  OF  THE  RATE  EQUATIONS 


REM 


RATES. BAS 


By 


REM 

REM 


Dr.  Denis  Boudreaou 


WUfredo  Resto-Otero 


REM 

CLS 


pi  = 3-I4I926# 


F = 0 
FORJ 


140  TO  200  STEP  20 


FOR  C = 140  TO  140  STEP  .02 

REM 

REM  Initial  populations  and  conditions 

nO  = I* 

nl  = ft» 

n2  = 0# 

n3  = 0# 

n4  = 04 

time  = 04 

REM 

REM  Degenaracics  of  states 


REM 
gO  = 14 
gl  = 14 


g4  = 34 
REM 

REM  Spontaneous  Emission 
REM 

A20  = I.3E+07 
A42  - 4E+07 
A43  = .6E+07 
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A4I  = I.8E+07 


REM  Pressure  of  N,  buffer  gas  in  lorr 
REM 
P = 760 

REM  Collisional  rates 


k20  = 620 
k42  = 100000! 
k43  = 700000  ■ P 
k4l  = 100000! 
k32  = 3000000  • P 
k21  = 114000! 
kl2  = 67 
klO  = ISOOO! 

REM 

REM  Laser  Energies 


E2  = C - .000001 
REM 

REM  Laser  Diameters  in  irmi 

REM 

dl  = 1 

|J2  - 2 

REM 

REM  Rates  of  Stimulated  Absorption  and  Emission  (cm*’)  * 
REM 

L02  = (3.04E+11  ■ El  ■g2)/(g0'pi  ■ (.0  ■ dl)  * 2) 
L20  = (3.04E+11  ■ El)  / (pi  • (.0  • dl>  * 2) 

L24  = (I.397E+13  * E2  • g4)  1 (g2  • pi  * (-0  * d2>  * 2) 
L42  = (1.397E+13  • E2)  / (pi  • (.0  • <I2)  * 2) 

REM 

REM  Rates 
REM 

(20  - L20  + A20  -I-  k20 

r02  = L02 

rlO  = klO 

(41  = A41  + k41 

(21  = k21 

rl2  = kl2 

(42  = U2  + A42  + k42 
(32  = k32 
(24  = L24 
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(43  = A43  + k43 
REM 

REM  File  Name  Creation 
REM 

FS  = -L  l.dat- 
REM 

REM  Open  Output  File 
REM 

OPEN  F$  FOR  APPEND  AS  #1 
REM 

REM  CaJculations 
REM 

F = F + 1 


dmeincrement  - E-12 

PRINT  ; PRINT  : PRINT  ; PRINT  ' Working  in  #;■;  F 
100 

IF  time  > 2E-08  THEN  200 


• (r20  • 
■(r4l  ■ 
■(ri)2  • 


I • (r43  ■ 
*(r24* 


n2  + rIO  • nl  • (02 
■nO) 

n4  + r2I  ■ n2  - (rIO 
+ rl2)  * nl) 
nO  + (42  • n4  + r32 

r24)  ■ n2) 
n4  • (32  • n3) 
n2  - (r42  + r4!  + 
(43)  • n4) 


PRINT  #1.  time  • E-9;  nl  ; n2  ; n3  ; n4  ; x 
IF  iteration  <>  200 THEN  100 


-((21 


GOTO  100 

200 

CLOSE  S'! 
NEXTC 
NEXTI 
END 
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APPENDIX  B 

COMPUTER  USTING  OF  BASIC  PROGRAM  USED  FOR  THE  CALCULATION 
OF  INSTRUMENTAL  NOISE  FOR  LEAFS-ETA 


CLS  ; CLEAR  3000 
II  = TIMER 

I - 0:  c “ 0;  p = 0;  i = 0:  b = 0;  ph  = 0 

INPUT  'Please  enter  the  total  number  of  bins  (max.  7000):';  b 

IFb  > 100  THEN  m = 1000 

IFb  > 1000  THEN  m = 10000 

PRINT 

INPUT  ‘Please  enter  the  peak  width  in  bin  units';  p 
ph  = INT(p  • 1-5) 

PRINT 

INPUT  ‘Please  enter  the  Ole  name:';  FS 

|2  = TIMER 

I - t2  -tl 

DO  UNTIL  I < .5 

I - t/2 

LOOP 

DIM  n(lOO) 

DO  UNTIL  a > 100 

10  n(i)  = 1NT(RND(I)  • 1 ■ m) 

IF  n©  > b THEN  10 
IF  n(i)  - ph  < 1 THEN  10 
IFn(i)  + ph  > bTHEN  10 
IF  i = 1 THEN  20 
c = 0 

FORj  = I TOi  - I 

IF  ABS(n(j>  - n(i))  < INT(p  * .5)  THEN  c = 1 
NEXT) 

IF  c = 1 THEN  I = z + I 
IF  C - I THEN  1 = 1-1 

LOOP 

OPEN  'NOISE.dat'  FOR  RANDOM  AS  #1 
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1S6 


OPEN  F$  FOR  INPUT  AS  K 

FOR  j = 1 TO  b 

INPUT  #2,  d,  a 

PUTll.j,  a 

NEXTj 

CLOSE 

OPEN  'cal-daf  FOR  OUTPUT  AS  #1 
FOR  j = i TO  w 

i = 0:  Is  = 0:  ts  - 0;  ms  = 0 
OPEN  ’noise-daf  FOR  RANDOM  AS  HI 


e = (n©  - ph) 
g = (n©  • ph  + p) 
FOR  k = e TO  g 
GET  n,  k,  I 
Is  = Is  -I-  s 


NEXTk 

h - (n©  + ph  - p) 

0 “ ("O  + ph) 

FOR  k = h TO  0 
GET  n,  k,  s 

NEXTk 

bl  = (Is  / p + rs  / p)  / 2 
u = (n(j)  • ph  + p) 

V = (n(j)  + ph  • p) 

FOR  k = u TO  V 

GET  n,  k,  s 


NEXT  k 
CLOSE  HI 


y = y + ms 
PRINT  ms 
WRITE  #1,  ms 
NEXTj 
CLOSE  »1 
yp  = y / w 

OPEN  ’cal.dal"  FOR  INPUT  AS  »l 
FORj  = 1 TO  w 
INPUT  #1,  ms 
vr  = vr  + ms  * 2 
NEXTj 
CLOSE  #1 


PRINT  'STD.  Deviation  of  blanks  areas:';  SQR«vr  - W yp  ' 2)  / w) 


APPENDIX  C 

MODIFICATIONS  TO  COMPUTER  PROGRAM  LISTED  IN  APPENDIX 


REM 

REM  Calculations 


timeincrem*ni  = 5E-12 

PRINT  : PRINT  : PRINT  ; PRINT  ' Working  in  #;•;  F 
100 

IF  dme  > 2E-08  THEN  200 
iletation  = iteration  + 1 

nO  = nO  + timeincremcnt  ■ (r20  ■ n2  + rlO  ■ nl  - r02 

• nO) 

nl  = nl  + dmeincrement  ■ (r41  • n4  + r21  ■ n2  - (rIO 
+ rl2)  ■ nl) 

n2  = n2  + dmeincrement  * (t02  • nO  + r42  ■ n4  + r32 

• n3  + rl2  • nl  -{r21  + 
r24)  • n2) 

n3  = n3  + dmeincrement  ■ (r43  • n4  - r32  ■ n3) 
n4  = n4  + dmeincrement  ■ (r24  • n2  • (t42  + r41  + 
r43)-n4) 

IF  itetalion  <>  200  THEN  100 
iterauon  = 0 
GOTO  100 

200 

X = nO  + nl  + n2  4 n3  + n4 
PRINT  #1, 1;  n4/x 
CLOSE  #I 
NEXTC 


END 
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